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Summary 

 Achieving long cycle life with energy-dense lithium-sulfur (Li-S) batteries require 

improving the reversibility of lithium plating and stripping. This problem is rendered 

unique in the Li-S system by the formation of soluble polysulfide intermediates, which 

degrade the lithium-metal anode by reducing into insulating Li2S and Li2S2. We have 

discovered that the introduction of ammonium tetrathiomolybdate ((NH4)2MoS4) and 

ammonium tetrathiotungstate ((NH4)2WS4) as cathode additives stabilize lithium 

deposition by (i) complexing with polysulfides and acting as a polysulfide buffer, thereby 

mitigating the corrosive shuttle effect, and (ii) forming a stable and passivating 

molybdenum and tungsten-enriched solid-electrolyte interphase (SEI) layer on the lithium 

surface. The resulting stabilization of lithium electrodeposition enables a nearly three-fold 

improvement in the cycle of anode-free full cells assembled with no excess lithium 

inventory. This work demonstrates that the rich chemistry of thiometallate complexes and 

polysulfide species in solution can be exploited to solve the formidable challenges with 

achieving a realistic lithium-sulfur battery, and more generally metal-chalcogen batteries.  
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Introduction 

 

The intrinsic energy density and cost advantages of lithium-sulfur (Li-S) batteries are 

undermined by the excess lithium and electrolyte that is required in the cell to compensate 

for the amount lost during cycling, which otherwise causes severe capacity fade.1–4 This 

problem is uniquely exacerbated in the Li-S system by the generation of polysulfide species 

(Sx
2-) that diffuse to the lithium-metal anode, causing unwanted parasitic side reactions that 

exhaust the limited lithium reservoir. In order for Li-S batteries to realize their full potential, 

two practical hurdles need to be addressed at a fundamental level: (1) the polysulfide 

shuttle and side reactions with the lithium-metal anode has to be suppressed, and (2) a 

stable and protective solid-electrolyte interphase (SEI) layer should be designed, such that 

the initial amount of lithium and electrolyte loaded into the cell can be minimized.5,6  

Previously, there have been multiple attempts to address the first issue through an 

immobilization of the soluble Sx
2- species on solid substrates via various intermolecular 

interactions ranging from weak van der Waals forces to stronger Lewis acid-base 

coordination.2,7–9 However, achieving effective interaction between the substrate and Sx
2- 

species in the liquid phase necessitates maximizing the surface area of the substrate through 

extensive down-sizing, which aggravates the need for excess electrolyte loading due to an 

uptake by the porous substrate. The second issue is challenging due to the dynamic nature 

of mossy lithium growth and concomitant large volume changes, which precludes the 

implementation of a static artificial SEI layer with high Li+ mobility. 

In this work, we demonstrate a novel homogenous-phase approach that presents a 

unified solution to the two fundamental challenges outlined above. This approach exploits 

the solution chemistry of thiometallate anions, MS4
2- (M: Mo, W), which play a dual role 
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in suppressing the factors that cause a premature failure of Li-S batteries. On one hand, the 

MS4
2- anions can undergo a series of transformations to incorporate neutral sulfur atoms 

(S0) present in polysulfide (Sx
2-) chains, thereby suppressing their antagonistic reactions 

with the high-surface area mossy lithium deposit. On the other hand, the recursive supply 

of dissolved MS4
2- anions into the electrolyte from a solid source that is blended with the 

cathode enables the formation of a passivating, self-healing SEI layer on the lithium surface 

enriched with Mo and W-species.  

The consequent stabilization of lithium deposition allows pursuing the radical 

strategy of fabricating “anode-free” Li-S cells assembled in the discharged state with a 

lithium sulfide (Li2S) cathode, which serves as the source of both active lithium and sulfur, 

and a bare current collector on the anode side. With the introduction of MoS4
2- and WS4

2- 

anions into the system, the cycle life of anode-free full cells can be extended by a factor of 

~ 3, from 58 cycles to 164 cycles. The approach presented here is expected to open a new 

avenue for helping solve the formidable challenges with Li-S batteries and bring them one 

step closer to realizing their full potential. 

 

Results and Discussion 

Introducing thiometallate anions into the electrolyte 

Thiometallates are known to act as sulfur donors and acceptors and thus form the 

core of biologically important metalloenzymes.10,11 Due to their ability to easily interact 

with sulfur, thiometallate clusters of molybdenum and tungsten have been exploited as 

catalysts in the hydrodesulfurization of crude oil.12,13 Recently, thiomolybdate clusters 

have been shown as good hydrogen-evolution catalysts as well.14 These complexes owe 
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their versatility to the covalent nature of the transition metal-sulfur bond. This intrigued us 

to study the interaction of dissolved thiomolybdate (MoxSy
2-) and thiotungstate (WxSy

2-) 

species with polysulfides. Commercially available ammonium tetrathiomolybdate 

((NH4)2MoS4, ATTM) and ammonium tetrathiotungstate ((NH4)2WS4, ATTW) are not 

soluble in the ether-based 1,3-dioxolane (DOL) or 1,2-dimethoxyethane (DME) solvents. 

However, we discovered that when Li2S powder and ATTM or ATTW were stirred 

together in DOL/DME (1 : 1, vol.), colored solutions were obtained – dark red in the case 

of ATTM and bright yellow-green in the case of ATTW (Figure 1a). To identify the 

dissolved species, the colored solutions were drop-cast onto an inert silicon wafer, and the 

dried residue was analyzed with X-ray photoelectron spectroscopy (XPS). As shown with 

the Mo 3p and W 4f spectra in Figure 1b and c, clear evidence is obtained for the formation 

of dissolved thiomolybdate (MoxSy
2-) and thiotungstate (WxSy

2-) species when Li2S is 

mixed with ATTM and ATTW, respectively.15,16 Furthermore, when compared with the 

peak positions for Mo6+ and W6+ in commercial (NH4)2MoS4 and (NH4)2WS4, it can be 

seen that the formation of dissolved MoxSy
2-

 and WxSy
2-

 species is accompanied by a 

reduction of the Mo6+ and W6+ ions, which indicates charge-transfer between the metal 

center and the sulfur ligands.17  
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Fig. 1 | Characterization of MS4
2- thiometallate species in the ether-based electrolyte. a, 

Photographs visually showing the interaction between thiometallates and Li2S.  b, c, XPS spectra 

of, respectively, MoS4
2- and WS4

2- species in DME/DOL electrolyte upon reaction with Li2S. d, 

Schematic of the in-situ chronoamperometric study setup and the curves of (NH4)2MS4 – Li2S 

reaction, indicating the rate of introduction of redox-active MS4
2- species in the electrolyte. e, f, 

UV-Vis absorption spectra of MS4
2- species upon reaction with Li2S, and its comparison with the 

observed peak positions for aqueous solutions of MS4
2- species (M: Mo, W). 
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To further investigate this reaction, it was monitored in-situ via chronoamperometry 

for a mixture of Li2S and ATTM or ATTW in DOL. Despite the negligible solubility of 

these reactants, the current rose sharply from the initial background, and the solution color 

changed from clear to dark red for ATTM and bright yellow-green for ATTW. This 

indicates the introduction of electroactive MoxSy
2-

 and WxSy
2-

 species into the solvent. The 

measured current peaked at 150 minutes for ATTM, while the peak was reached after 30 

minutes for ATTW (Figure 1d), indicating that the rate of thiotungstate dissolution is 

significantly faster than that of the thiomolybdate in the electrolyte.  

UV-Vis spectra of the thiomolybdate and thiotungstate solutions in DOL/DME 

solvent indicate sharp absorption bands (Figure 1e and f), indicating well-defined 

molecular entities. A comparison with the UV-Vis spectra for Li2S8 rules out the presence 

of polysulfides and an underlying redox reaction pathway. Therefore, the reaction between 

Li2S and ATTM/ATTW can be described as a Lewis acid-base reaction via a double-

displacement mechanism, mediated through hydrogen-bonding between NH4
+ and S2-: 

(NH4)2[M
(6+)S4] (s) + Li2S(s) → Lix[M

(6+)S4]
2-

(sol) + (NH4)yS
2-

(sol/s)
 

The above assertion was validated through a comparison of the observed UV-Vis peak 

positions for MoS4
2- and WS4

2- in aqueous solutions, which gives almost identical 

absorption behavior to the current case.11,18 Also, it has been shown that the shift in 

absorption maxima and relative intensities from aqueous solutions of (NH4)2MS4 species 

to acetonitrile solutions of (NH4)2MS4 is less than, respectively, 5 nm and 10 % in all cases. 

This indicates the minor effect of the solvent on the electronic absorption spectra of MS4
2- 

species, also proven by recording UV-Vis spectra of (NH4)2MS4 in DMF (Figure S1). 

Finally, a calculation of optical transitions for a hypothetical Li2MoS4 molecule in DOL 



7 

 

based on density functional perturbation theory (DFPT) yields a theoretical absorption 

spectrum that matches the observed spectra within the margin of error, corroborating the 

acid-base reaction pathway. This conclusion was further validated with the Raman spectra 

of pure MoS4
2- and WS4

2-
 species (Figure S2).  

The chemistry of thiometallate complexes has been investigated extensively, and it 

is known that tetrahedral MoS4
2- and WS4

2- anions dimerize in solution to form the 

dinuclear complexes, Mo2S7
2- and W2S7

2-, which can then undergo a series of 

rearrangements that involves intramolecular redox reactions (Scheme 1).18–21  

 

Scheme 1 | Dimerization and internal redox transformations in MS4
2- species (M: Mo, W) 

 

The formation and rearrangement of these dinuclear complexes are accompanied by 

a ligand-to-metal charge transfer (LMCT), with the reduction of M6+ to reduced states and 

concomitant oxidation of S-2 to S-1. This charge transfer is the source of the intense 

coloration of the dissolved thiomolybdate and thiotungstate complexes, and the 

accompanying reduction of Mo6+/W6+ to lower oxidation states is proven with the XPS 

data in Figure 1 b and c.  

 

Polysulfide sequestration by the dinuclear thiometallate 

As noted above, MS4
2- and M2S7

2- (M: Mo, W) are the dominant thiometallate 

species at equilibrium in the electrolyte, which can provide the first line of protection for 

the freshly electrodeposited Li metal as discussed at depth later. Additionally, the second 

front of protection is offered by these species as the cell is being charged and most of the 
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Li2S is oxidized into elemental S. The long-chain polysulfides, Sx
2- (x : 4 - 8), are formed 

as intermediates before the complete oxidation to S8. These species have moderate 

solubility in the polar ether-based electrolyte and contain neutral S atoms that can react 

with metallic Li and result in a loss of active Li content. It is established that the M2S7
2- 

complex can act as an S0 acceptor.20,21 Traditionally, the addition of S0 to M2S7
2- has been 

achieved from organo di- and trisulfido compounds, respectively, RSSR and RSSSR.22 

The progressive incorporation of S into the Mo2S7
2- dianion leads to a formation of 

Mo2Sx
2- complexes (8 ≤ x ≤ 12), in which the sulfide ligands are eventually oxidized to 

disulfido groups while the M6+ is reduced to 5+ state, as in the [Mo(5+)
2(S2)

(2-)
6]

2- extreme 

case (Scheme2).23,24 

 

Scheme 2 | Dimerization and subsequent step-wise S0-atom uptake from oxidized sulfur species by 

the MS4
2- species. 

 

As the long-chain Sx
2- species is potentially the source of S0, the above reaction 

implies that each mole of Mo2S7
2- can incorporate up to 5 moles of S0, leading to the 

shortening of the length of the Sx
2- species by a decreasing (i.e., reducing) the average 

oxidation state of S atoms. This reduction in chain length is accompanied by their 

precipitation out of the electrolyte and lowering the likelihood of the hostile encounter 



9 

 

with the Li dendrites. It is worth noting that in the formation of dinuclear [M2(S2)6]
2- 

species, W mimics Mo, as reported previously.25 

In order to demonstrate the spontaneous S0 uptake by the tetrahedral MS4
2- 

species, in-situ chronoamperometric analyses were conducted as a solution of Li2S8 is 

brought in contact with (NH4)2MS4 (M: Mo, W) salt (Figure 2a). 

 
Fig. 2 | Characterization of (NH4)2MS4 – Li2Sx reaction product in ether-based solvents. a, In-

situ chronoamperometric analysis of (NH4)2MS4—Li2S8 reaction rate. b, WAXS-PDF analysis of 

(NH4)2MoS4—Li2S8 reaction product. c, X-band EPR spectrum of the solution-phase reaction 

product of (NH4)2MoS4—Li2S8. d, X-band EPR spectrum of the solution-phase reaction product of 

(NH4)2WS4—Li2S8. e, f, XPS spectra of (NH4)2MS4 – Li2Sx reaction product in ether-based solvents 

(M: Mo, W). 
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Initially and unlike the case of Li2S-DOL mixture, the chronoamperometric tests 

exhibit a non-zero current for the Li2S8-DOL solution due to the intermediate oxidation 

state of S in the S8
2- anion and the facile redox reactions of these species. Figure 2a 

shows the current evolution following the addition of (NH4)2MoS4 salt. The monotonic 

current decay observed in this case implies a reduction in the concentration of S8
2- species 

through the mechanism outlined above. Figure 2a also shows a similar trend for the 

reaction of S8
2- with (NH4)2WS4. Comparing the two additives, it is possible to conclude 

that the rate of S0 uptake from S8
2- is faster for the W-containing complex than the Mo 

counterpart, so that the current reaches a plateau at ~ 70% of Imax after 300 minutes. For 

MoS4
2- additive, despite the slower reaction kinetics, one can attest to a more efficient 

polysulfide uptake as the current arising from the polysulfide electrochemical 

interconversion decreases monotonically even after 800 minutes. Based on the above 

observations, it is evident that the Gibbs free energy change for the formation of a higher 

S/Mo ratio in the dinuclear Mo-based complex is more negative, while the activation 

energy for this reaction is higher compared to the W2S7
2- analog, and therefore the 

kinetics are slower. Additionally, the ability of thiometallates to sequester S0 from 

polysulfides of different orders (Li2Sn; n = 4, 6, and 8) was tested through 

chronoamperometric tests. The data in Figure S3 show that the rate of S0 uptake by 

(NH4)2MoS4 follows the order S8
2- > S6

2- > S4
2-. This highlights that the thiometallates 

offer an effective defense against higher-order polysulfides, which is essential for Li-S 

batteries. 

To confirm the proposed mechanism of MS4
2- dimerization into M2S7

2- and the 

subsequent S0-atom uptake discussed above, the solid residue from the reaction mixture of 
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(NH4)2MoS4/Li2S8 was collected and analyzed through wide-angle X-ray scattering and 

pair distribution function (WAXS-PDF) analysis. A pure sample of (NH4)2MoS4 was also 

run as a control sample, as shown in Figure 2b. The peak at 2.23 Å represents the terminal 

Mo—S distance in the pristine (NH4)2MoS4 crystal (expected 2.18 Å). Comparing the PDF 

plot of pristine (NH4)2MoS4 with the one reacted with Li2S8 exhibit sharp contrasts: (i) a 

new peak at about 2.0 Å emerges indicating the S-S bond in the polysulfide and the 

disulfido ligands of the dinuclear complex with the peak originally corresponding to Mo-

Sterminal distance  

(2.23 Å) in the pristine ATTM shrinking, and (ii) a new peak emerges at 2.45 Å, 

corresponding to the bridging Mo—S—Mo in the dinuclear [Mo2Sx]
2- complex (expected 

2.40 Å). The above observations indicate the dimerization of the mononuclear MoS4
2- 

tetrahedral units and the conversion of terminal thio-ligands into bridging analogs.23 

As a second probe into the reaction mechanism, electron paramagnetic resonance 

(EPR) spectra were recorded (Figure 2 c, d). Initially, Mo ions in MoS4
2- are in the 

diamagnetic 6+ oxidation state and hence are EPR silent (Figure S4). On the other hand, 

the EPR spectrum of MoS4
2- with S8

2- (Figure 2c) clearly indicates the presence of 

paramagnetic species due to reduced Mo species as a result of S0-atom uptake from Sx
2-, 

according to the sequence of reactions outlined in Scheme 2. The EPR spectrum of MoS4
2-

—S8
2- reaction product exhibits at least three paramagnetic Mo species with slight chemical 

shifts and with a more or less isotropic environment as a result of the varying chemical 

environment induced by different S/Mo ratios in the gradually growing [Mo2Sx]
2- dinuclear 

complex. In each case, a sextet EPR signal is observed as a result of the hyperfine splitting 

of the electron spin transitions by the 95Mo and 97Mo natural isotopes with a nuclear 
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magnetic moment I = 5/2.26 Figure 2d Also shows the EPR spectrum of the reaction 

product of [WS4]
2- with S8

2-; similar to the Mo additive, a paramagnetic signal is evident. 

However, the spin transition signal seems to be originating from an unpaired electron in an 

anisotropic chemical environment with different principal axes g-values and a nucleus with 

no magnetic moment (I = 0) due to the absence of the hyperfine interactions. The above 

evidence points to the presence of S3
•- rather than reduced W species, as also reported 

previously,27 in sharp contrast with the Mo counterparts. The absence of paramagnetic W 

components in the EPR spectrum is also contradictory with the XPS analyses of the 

solution products (Figure 2 e and f), which clearly advocates for both Mo5+ and W5+ 

species as a result of dimerization and sequential S0-atom uptake reactions. A possible 

explanation regarding the above observation is that cooling down the reaction mixture to 

100 K for the acquisition of the EPR spectra shifts the equilibrium constant of dimerization 

and S0-atom uptake for the [WS4]
2- species towards the reactants (ΔH > 0), while at the 

same time increasing the likelihood of S3
•- formation as a result of polysulfide auto-

dissociation. 

From a theoretical point of view, the tendency of S0-atom uptake by Mo2S7
2- was 

calculated with different Li2Sx species as the source of S0 at the DFT level (Table S1). The 

results suggest that the formation of high S/Mo ratio complexes, Mo2S10
2- and Mo2S12

2-, is 

favored compared to the lower Mo2S8
2- and Mo2S9

2- homologs, with Mo2S11
2- giving 

positive formation energy. These results are in-line with the experimental observations that 

no structure was obtained for the Mo2S11
2- intermediate.20  

The reaction mechanism for the role of the (NH4)2MS4 additive in Li-S cells is 

depicted schematically in Figure 3. It is expected that the acid-base derived introduction 
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of (NH4)2MS4 into the electrolyte (step 1), the subsequent dimerization (step 2), and 

spontaneous reaction with the soluble polysulfides generated during cell charging (step 3) 

effectively lead to a reduction of the long-chain polysulfide concentration into the 

electrolyte (steps 4-6). This is achieved through the incorporation of the oxidized S0 atoms 

into the dinuclear complex with partially reduced S atoms and homogenization of the 

charge disproportionation on the S atoms within the dinuclear complex. This net reduction 

of the S oxidation state in the Sx
2- species reflects in a gradual shortening of the polysulfide 

chain and their precipitation from the electrolyte and hence minimizing the unwanted 

reactions at the Li anode. 

 

Fig. 3 | A schematic depiction of the introduction of the MS4
2- species into the electrolyte, its 

dimerization, and spontaneous reaction with long-chain polysulfides through S0-atom uptake. 

The acid-base step is shown with a green bent arrow, while those steps involving 

(intra)intermolecular redox transformations are shown in blue arrows. 

Impact of thiomolybdates and thiotungstates on electrochemical performance 

It was anticipated that the introduction of soluble thiomolybdate and thiotungstate 

species into the electrolyte of Li-S batteries could have a beneficial impact on 

electrochemical performance by restraining the active polysulfide in the electrolyte or 

forming a favorable SEI layer at the anode. To investigate this effect, anode-free full cells 
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were assembled with [Li2S + 0.05 ATTM/ATTW] cathodes (with a Li2S loading of 4 to 5 

mg cm-2) and a bare nickel foil as the anode current collector. Since the only source of 

active lithium is the Li2S cathode, there is no excess lithium inventory in the anode-free 

system and its capacity retention depends closely on lithium cycling efficiency.628 A wet 

ball-milling process was used to combine Li2S and ATTM/ATTW (20 : 1 molar ratio) with 

DOL/DME into a fine slurry, and consequently, soluble MoS4
2- and WS4

2- were generated 

during the cathode preparation step itself.  

Figure 4a shows the capacity of anode-free Ni || [Li2S + 0.05 ATTM/ATTW] full 

cells as a function of cycle number when cycled at C/5 rate. The cycle life of anode-free 

full cells is significantly improved with the addition of ATTM or ATTW. The control Ni || 

Li2S full cell with no additive retained 50% of its peak capacity (700 mAh g-1) for 58 

cycles. In contrast, the Ni || [Li2S + 0.05 ATTM] full cell retained 50% of its peak capacity 

(756 mAh g-1) for 150 cycles. The Ni || [Li2S + 0.05 ATTW] full cell retained 50% of its 

peak capacity (734 mAh g-1) for 164 cycles. This corresponds to an improvement in the 

lithium inventory retention rate from 98.81% to 99.53% with the addition of ATTM and 

99.58% with the addition of ATTW. A similar improvement is also reflected in Coulombic 

efficiencies (Figure S5), which remain stable over extended cycling with the addition of 

ATTM and ATTW. Overall, the improvement in electrochemical performance is greater 

with tungsten than with molybdenum. It is interesting to note that the increase in capacity 

observed in the cells with the additives in the initial cycles could be due to the need for 

sufficient polysulfide formation and diffusion to occur during cycling to assist in the 

introduction of thiometallates into the electrolyte. No extraneous voltage plateaus and 

current peaks are recorded in the charge-discharge profiles (Figure 4b and c) and cyclic 
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voltammograms, respectively (Figure 4d, e and Figure S6). This also suggests that the 

addition of ATTM and ATTW to the Li2S cathode has little impact on cathode redox 

kinetics. The cycle life was also examined under the C/3 cycling rate (Figure S7). Despite 

the increased current density, similar capacity retention and Coulombic efficiency were 

observed, thus confirming that the dramatic improvement in the cycle life of anode-free 

full cells can be attributed to an improvement in lithium cycling efficiency effected by the 

formation of soluble thiomolybdates (MoxSy
2-) and thiotungstates (WxSy

2-). To further 

validate the efficacy of Li protection at scale, anode-free pouch cells were cycled with and 

without the addition of 0.05 M of ATTW dissolved in the electrolyte (Figure 4f). A Li2S 

loading of 5 mg cm-2 and a lean electrolyte to Li2S ratio (ELR) of 4 µL mg-1 were used to 

simulate practical high-energy cells. Even with the low dosage of the additives, a 19 % 

improvement in capacity retention was observed after 50 cycles when compared to the 

control cell without additives. 

 

Fig. 4 | Performance of thiometallate additives in anode-free Ni || Li2S cells. a, Long-term cycle 

life of anode-free cells with different additives. b, c, Voltage profiles of cells with, respectively, 

ATTM and ATTW additives. d, e, Cyclic voltammograms of cells with, respectively, ATTM and 

ATTW additives at different scan rates. f, Performance of pouch cells with the additives. 
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Impact of thiomolybdates and thiotungstates on lithium interfacial chemistry 

 In order to understand the origins of the favorable impact of thiomolybdate and 

thiotungstate species on the dynamics of lithium deposition in the Li-S system, the 

deposited lithium in anode-free Ni || [Li2S + 0.05 ATTM/ATTW] was harvested after 25 

cycles and analyzed with time-of-flight secondary ion mass spectrometry (ToF-SIMS). It 

can be clearly seen in Figure 5a that molybdenum and tungsten-containing species are 

present and uniformly distributed throughout the lithium deposit. These SEI layer 

components are primarily comprised of Mo and W atoms bonded with sulfur (MoS-/WS- 

secondary ions). This is further confirmed with XPS survey scans (Figure 5b), which 

shows an increase in the signal for Mo 3d (~ 240 – 220 eV) and W 4f (~ 40 – 30 eV) peaks 

with 600 s of sputtering with a monoatomic Ar+ gun, corresponding to a depth of ~ 300 

nm. A corresponding increase in the signal for S 2p peaks is not observed, confirming the 

buildup of Mo/W species with increasing depth in the lithium deposit. Mo 3p region scans 

with XPS (Figure 5c) after sputtering reveal the presence of highly oxidized Mo5+ with a 

binding energy of 397.9 eV, which can be attributed to species with the general formula 

MoSxOy
29. Similarly, W 4f region scans with XPS (Figure 5c) after sputtering reveal the 

presence of W5+ (in WSxOy) atoms with a binding energy of 35 eV.30 MoS2 and WS2 are 

present only as minor components. The presence of some oxygen atoms in the Mo/W-

containing SEI layer components (also observed with ToF-SIMS in Figure 5a) can be 

attributed to the highly oxidizing nature of the LiNO3 electrolyte additive, which might 

donate some of its oxygen atoms to the thiomolybdate/thiotungstate species.31,32 These 

partially oxidized thiometallate species, along with inorganic components such as LiF 

(seen in ToF-SIMS in Figure 5a) are the primary components of the SEI. To study the 
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state of the SEI at different stages of cycling, XPS studies of the Mo 3p and N 1s region 

were performed on anodes extracted from representative Ni || [Li2S + 0.05 ATTM] cells 

after the 1st discharge and after 100th charge as shown, respectively, in Figure S8 and 

Figure S9. At the end of 1st discharge, MoSxOy and MoS2 species along with LiNO3 and 

its decomposition products are still observed suggesting that the SEI remains intact and is 

bound to the Ni foil or the residual, unstripped Li. On prolonged cycling, at the end of 100th 

charge, the amount of MoSxOy has reduced while that of MoS2 has increased compared to 

that at the end of 25th charge. The amount of electrolyte salt decomposition products is also 

higher. The continued presence of MoSxOy and MoS2 species suggests that the SEI does 

remain intact over cycling and are the main contributors towards Li-metal protection. 

However, the increased decomposition of the electrolyte pointing to the eventual 

consumption of the additive is the leading cause of lithium inventory loss.  

 Much like their pure polysulfide counterparts, the thiomolybdate and thiotungstate 

complexes are generated at the cathode and dissolved in the electrolyte shuttle to the anode, 

where they are reduced and co-deposited along with metallic lithium during the plating 

(charging) step. The presence of these thiometallate species as SEI layer components, and 

the concomitant decrease in the concentration of corrosive polysulfide species in the 

electrolyte due to their sequestering by dissolved thiometallate complexes, leads to an 

improvement in the characteristics of lithium deposition. Figure 5f shows SEM images of 

the cycled anodes in anode-free Ni || Li2S full cells. They show a clear improvement in the 

morphology of the deposited lithium. The mossy high-surface area lithium deposit in the 

control cell is rendered more homogenous and planar with the introduction of ATTM and 

ATTW as cathode additives. The mechanism by which the presence of Mo and W atoms 
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in the SEI layer improves lithium deposition morphology can be understood by the impact 

they have on lithium diffusion kinetics. Owing to the relatively small difference in 

electronegativities compared to sulfur (Mo = 2.16, W = 2.38, S = 2.5 on the Pauling scale), 

these atoms are expected to reduce the electron density around sulfur atoms, facilitating 

facile lithium migration, especially when compared to Li2S/Li2S2 that are present in the 

control case. This effect is stronger with W compared to Mo, and as expected, 

electrochemical performance is better with ATTW as the additive compared to ATTM. The 

improved lithium deposition morphology leads to fewer side reactions with the electrolyte 

and mitigates the formation of dead lithium, which translates to reduced lithium inventory 

loss per cycle, and therefore a three-fold increase in the cycle life of anode-free Ni || Li2S 

full cells from 58 to 164 cycles. It is also interesting to note in the ToF-SIMS data that the 

peak intensity for the different species is reached with less sputtering time for ATTW-

based cells compared to the ATTM-based cells suggesting, that the SEI with ATTW is 

thinner and more compact. This explains the denser Li morphology observed with ATTW 

compared to the one with ATTM.  
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Fig. 5 | Analysis of Li deposited in anode-free Ni || Li2S full cells. a, ToF-SIMS analysis of 

different SEI fragments. b, XPS survey scans with and without sputtering showing the presence of 

Mo/W species throughout the SEI. c, Mo/W region scans in XPS showing the chemical state of the 

thiometallate species. e, SEM images showing the morphology of the Li deposits on the anodes 

harvested from anode-free cells after 30 cycles. 

 

Conclusions 

 This work demonstrates the successful application of ammonium 

tetrathiomolybdate ((NH4)2MoS4) and ammonium tetrathiotungstate ((NH4)2WS4) as 

cathode additives for improving the cycle life of anode-free Ni || Li2S full cells. Although 

not soluble in the ether-based electrolyte in their native state, the tetrathiometallate anions 

in these additives react with the Li2S active material and undergo internal rearrangements 

to form higher-order dimerized thiometallate species that are soluble in the electrolyte. 

They act as polysulfide buffers, abstracting sulfur atoms from corrosive long-chain 
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polysulfides, converting them into short-chain polysulfides, and reducing their 

concentration in the electrolyte. At the same time, the crossover of these thiometallate 

species to the anode leads to their co-deposition with metallic lithium and the formation of 

a molybdenum and tungsten-enriched SEI layer. These two mechanisms act in tandem to 

improve lithium cycling efficiency and, therefore, engender a nearly three-fold 

improvement in the cycle life of anode-free Ni || Li2S full cells. This work demonstrates a 

novel pathway towards the realization of practically viable lithium-sulfur batteries with 

high energy density and long cycle life by employing a limited lithium inventory (N/P ratio 

= 1). More importantly, in combination with our recent work on selenium and tellurium-

substituted polysulfides, this work demonstrates the potency of exploiting the rich 

chemistry of polysulfides by substituting less electronegative atoms (Mo, W) to improve 

the performance of lithium-sulfur batteries. The chemistry of thiometallate molecules has 

been extensively investigated for a wide range of applications, and the approach 

demonstrated here shows promise of being generalized to substituting other transition-

metal and metalloid elements. 

 

Experimental procedures 

 

Resource availability 

Lead contact 

Further information and requests for resources and reagents should be directed to and will 

be fulfilled by the lead contact, Arumugam Manthiram (manth@austin.utexas.edu) 
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Materials availability 

This study did not generate new materials. 

 

Electrochemical measurements 

Chronoamperometry tests were performed in glass test tubes fitted with an air-tight 

septum through which two Inconel wire electrodes are inserted. The test tube was 

charged with the reaction mixture and constantly stirred during the measurement using a 

magnet bar (as shown in Figure 1d). A fixed potential of 1 V was applied for all tests 

using a VoltaLab potentiostat, and the current was measured as the reaction evolved. For 

the (NH4)2MS4/Li2S reaction monitoring, 1.4 mmol Li2S was loaded into the test tube 

along with 2.0 mL DOL and 0.14 mmol (NH4)2MS4 salt, similar in ratio to the starting 

state of the Li2S cells. For (NH4)2MS4/Li2S8 measurements, 0.1 mmol Li2S8 was loaded 

into the test tube along with 2.0 mL DOL, to which 0.15 mmol (NH4)2MS4 salts were 

added. Pure DOL solvent was used in the chronoamperometry tests as no significant 

difference was found between using pure DOL vs. a DME/DOL mixture. All steps of 

sample loading and measurements were done in an Ar-filled glove box with O2/H2O level 

below 2.0 ppm. For coin cells, a slurry was made through a rotary milling of Li2S and 

multiwall carbon nanotubes (MWCNT) in a ratio of 4 : 1 loaded in a PTFE bottle along 

with zirconia balls and DME/DOL solvent in a 1 : 1 volume ratio. To this slurry 

ATTM/ATTW was added such that the Li2S to ATTM/ATTW ratio was 20 : 1 and milled 

for 24 h. This slurry was then drop-cast on to an Avcarb P-50 carbon paper with a Li2S 

loading of 4 – 5 mg cm-2 and used as the cathode. For pouch cells, the slurry was made 

by a rotary milling of 70 wt. % Li2S, 20 wt. % conductive carbon, and 10 wt. % 
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polyethylene oxide, and polyvinylpyrrolidone-based binder as previously reported. 28,33 

This slurry was blade-casted on to a carbon-coated Al foil (18 µm thick), dried, and then 

punched into an electrode that is 56 mm (L) x 43 mm (W) with an areal Li2S loading of 5 

mg cm-2. Coin cells were fabricated with cathodes described above, a celgard 2500 

separator, and a 30 µm thick Ni-foil as anode. The ELR was maintained at 15 µL mg-1. 

Single-stack pouch cells were fabricated similar to coin-cells with the cathode described 

above. An ELR of 4 µL mg-1 was used for pouch cells. A uniform stack pressure of 50 

psi was applied to the pouch cells during cycling. For the coin cells, the electrolyte used 

was 1 M of LiTFSI and 0.25 M LiNO3 in DOL/DME (1 : 1 v/v). 0.05 M ATTM/ATTW 

and 0.1 M Li2S was stirred in with this electrolyte for 48 h and filtered to yield an 

additive containing solution that was used as the electrolyte in the pouch cells. All cells 

were charged first at C/20 to activate the Li2S before being cycled at the appropriate rate 

between 2.8 and 1.8 V at room temperature. CVs were collected on a Biologic 

potentiostat at different scan rates between 2.8 and 1.8 V. 

Characterization techniques.  

XPS samples were prepared inside a glovebox and transferred in an inert capsule. 

XPS was performed on a Kratos Axis Ultra DLD spectrometer operating at 12 kV and 10 

mA. Pass energies of 20 eV and a 0.1 eV step size was used along with a charge 

neutralizer and an Ar+-ion sputtering gun wherever necessary. ToF-SIMS measurements 

were acquired on a TOF.SIMS 5 spectrometer (ION-TOF) in the negative mode. A 500 

eV Cs+ ion beam was used to sputter the deposited lithium over a sputtering area of 300 x 

300 µm2. The analysis was conducted over 100 x 100 µm2. The optical absorption 

spectroscopy measurements were carried out with a Cary 50 UV-Vis spectrometer in 
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transmission mode with 10 µm path length quartz cuvettes. The cuvettes were loaded 

with the solutions after passing through a 0.2 µm PTFE syringe filter. The cell loading 

was carried out in the Ar glove box and carried to the spectrometer in sealed containers 

and exposed to air only before the measurement. Similarly, for Raman measurements, 

glass capillaries were loaded with test solutions inside the Ar-filled glove box and sealed 

on both ends with a polymer clay. Raman spectra were recorded with a Witec Micro-

Raman Alpha 300 spectrometer at 532 nm excitation wavelength. For pair distribution 

function analysis, (NH4)2MoS4/Li2S8 reaction in DOL was allowed to happen for 15 h, 

followed by vacuum drying of the reaction mixture. Next, a small portion of the sticky 

solid residue, 10 µm in diameter, was dispersed in mineral oil and mounted onto a nylon 

loop, which was placed on the goniometer head of an Agilent SuperNova diffractometer 

equipped with a monochromatized and micro-focused Mo Kα1 source and an AtlasS2 

CCD area detector. The scattering pattern of the sample was collected after dark current 

subtraction in the 2θ range of 3.5 – 134° over the course of 13 h, while the sample was 

under a continuous purge by a stream of 100 K N2 gas. The scattering pattern of pristine 

(NH4)2MoS4 was obtained under identical conditions. The EPR spectra of the 

paramagnetic samples were measured at 100 K with a Bruker BioSpin X-band 

spectrometer operating at a frequency of 9.4 GHz with a 100 kHz modulated field at an 

amplitude of 8.00 G. SEM was performed with a FEI Quanta 650 instrument operated at 

10 kV. 

Computational methods.  

Optimization of the geometry and electronic state of species were carried out at the 

density functional theory (DFT) level using the plane-wave basis sets by the quantum 
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Espresso (QE) code.34 The nuclear potential of different atomic species was 

approximated by ultrasoft pseudo-potential (USPP) functionals with electronic exchange-

correlation interactions modeled through the generalized gradient approximation (GGA) 

as parameterized by in the Perdew-Burke-Ernzerhof (PBE) method.35 A cutoff energy of 

544 eV was employed for numerical integration of energy integrals, while the K-space 

was sampled at the Γ-point. In each case, the molecular anions of [MS4]
2- or [M2S7]

2- 

were placed in a dummy cubic cell with an edge of 15 Å and treated as an isolated 

molecule by applying the Martyna-Tuckerman correction scheme.36 The solvation of the 

anionic species was approximated by the implicit continuum solvation model using the 

Environ module.37 Respectively, 7.34 and 1.904 were used for static and optical 

permittivity of DOL, following the reported values.38,39 Calculation of the absorption 

spectrum of the neutral Li2MoS4 molecule in implicitly modeled DOL was carried out 

with the time-dependent density functional perturbation theory (TDDFPT) through the 

Turbo Lanczos module of the QE code. 

 

 

Data and code availability 

All other data and code supporting the findings of this study are available within the 

article and are described in the Supplemental information or are available from the 

corresponding author upon reasonable request. 
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